Abstract Visceral leishmaniasis (kala-azar), a life threatening disease caused by L. donovani, is a latent threat to more than 147 million people living in disease endemic South East Asia region of the Indian subcontinent. The therapeutic option to control leishmanial infections are very limited, and at present comprise only two drugs, an antifungal amphotericin B and an antitumor miltefosine, which are also highly vulnerable for parasitic resistance. Therefore, identification and development of alternate control measures is an exigent requirement to control leishmanial infections. In this study, we report that functionally induced expression of solute carrier protein family 11 member 1 (Slc11a1), a transmembrane divalent cationic transporter recruited on the surface of phagolysosomes after phagocytosis of parasites, effectively inhibits Leishmania donovani growth in host macrophages. Further, the increased Slc11a1 functionality also resulted in increased production of NOx, TNF-a and IL-12 by activated macrophages. The findings of this study signify the importance of interplay between Slc11a1 expression and macrophages activation that can be effectively used to control of Leishmania growth and survival.
Introduction
Solute carrier protein family 11 member 1 (Slc11a1), also known as natural resistance associated macrophage protein1 (Nramp1), recruited to phagosomal membrane soon after phagocytosis of intracellular parasites by host macrophages (Gruenheid et al. 1995 , Cellier et al. 2007 ). It is a transmembrane transporter efflux pump present on LAMP? lysosome and endosomes of macrophages that pump out divalent cations from phogolysosomal milieu (Forbes and Gros 2001, Fritsche et al. 2007 ). The purpose of this recruitment is to create Fe 2? , Zn 2? , Mn 2? deprived conditions inside phagolysomes of macrophages to ensure their least availability for parasites that eventually inhibit their growth (Jabado et al. 2000 , Appelberg 2006 ). These cations, especially iron, are essentially required by parasites enzymatic machineries involved in their replication, growth, virulence as well as protection from oxidative damage produced by host oxidative stress mechanisms (Huynh and Andrews 2008) .
Slc11a1 primarily acts as a proton dependent transporter that directly inhibits parasitic growth by removal divalent cations from parasitic milieu and indirectly exerts pleiotropic effects on both, innate and acquired immune functions (Stober et al. 2007 ). Activation of Slc11a1 has been shown to confer resistance against intracellular pathogens through stimulation of several antimicrobial effectors pathways including NADPH oxidase activity and NO formation, which are mainly controlled by intracellular iron availability (Forbes and Gros 2001) . Various studies supports that the ion transport through Slc11a1 modulates the production of chemokines such as macrophage inflammatory protein 1 a (Mip-1a), formation of reactive oxygen and nitrogen species (ROS and RNS), as well as antigen processing and presentation by host phagocytic cells (Blackwell et al. 2003 , Fritsche et al. 2003 , Stober et al. 2007 , Valdez et al. 2008 . Further, Slc11a1 functionality also promotes secretion of pro-inflammatory cytokines such as IFN-c, TNF-a by phagocytic cells during pathogenic infections (Weiss et al. 1994 , Fritsche et al. 2003 . Increased Slc11a1 expression has also shown to direct Th1/ Th2 dichotomy towards Th1 polarization to produce inflammatory cytokines such as IFNc, IL-12 etc. along with decreased IL-10, a Th2 cytokine, production (Caron et al. 2006 , Dai et al. 2009 ).
In L. donovani infection, macrophages are the major effector innate immune cells to control parasite growth in the host by generation of reactive oxidants and inflammatory cytokines. However, soon after phagocytosis Leishmania efficiently suppresses macrophages effectors functions and survives in its hostile environment. The parasites defense machinery effectively neutralizes ROS and RNI metabolites, resist to low pH conditions, and acquires nutrients from host macrophages for their growth (Liese et al. 2008) . Moreover, Leishmania infection also results in compromised production of inflammatory cytokines by infected cells that inhibit differentiation and proliferation of other immune cells involved in its control. In leishmaniasis Th1 phenotypes of CD4 T cells provide resistance by producing inflammatory cytokines such as IL-12, TNF-a whereas IL-10 producing Th2 phenotypes are responsible for disease pathogenesis . Notwithstanding the mechanisms that controls host immune responses are known but the activators of innate and adaptive immune cells are largely unknown. Studies are required to identify the host/parasite factors to activate effector functions of phagocytic cells especially macrophages since early elimination of parasites boost the establishment of protective immunity. In this study, we report that induced expression of Slc11a11 by host macrophages significantly inhibit Leishmania growth and survival. Further, induced Slc11a1 expression was also found correlative to increased production of NO, IL-12 and TNF-a by parasite infected macrophages.
Materials and methods

Leishmania donovani promastigotes and amastigotes culture
The study protocols involving animals for macrophage isolation, and use of Leishmania parasites were approved by Animal Ethical Committee of Institute of Science, Banaras Hindu University. The ATCC, USA depository strain of Leishmania donovani (MHOM/IN/80/DD8) parasites, a gift from Central Drug Research Institute, Lucknow, India, were used in this study. The parasites were maintained in 5-6 week-old female BALB/c, mice and promastigotes were cultured from spleen cells. Briefly, animals were sacrificed to remove spleen, which was macerated to obtain homogenate and finally filtered through 45 lm gauge to recover single cell suspension. Cells were washed twice by centrifugation at 200 rpm for 10 min with serum free Dulbecco's Modified Eagle (DMEM medium). The cells were subsequently cultured in complete DMEM medium (pH 7.2) (DMEM, Gibco, USA) containing 10% heat-inactivated fetal bovine serum (FBS, Gibco, USA), 2 mM L-glutamine, sodium bicarbonate, and antibiotics (Sigma Chemicals, USA); penicillin (100 U/ml), streptomycin (100 lg/ml), gentamycin (20 lg/ ml) at 26°C in a BOD incubator to obtain motile promastigote forms of the parasite. Promastigotes were subcultured to get log phage parasites and axenic amastigotes. Briefly, a definite number (3-5 9 10 7 ) of promastogotes were taken and washed two times by centrifugation at 3000 rpm for 10 min to remove complete medium. The washed parasites were further cultured in 25 cm 2 culture flasks in acidified (pH 5.5) complete DMEM medium, and incubated at 37°C in humidified CO 2 incubator containing 5% CO 2 for their transformation into axenic amastigotes. The amastigotes were characterized by their round or oval shape without flagella and presence of amastigote specific megasomes under phase contrast microscopy. Their biochemical characterization was done by lectin agglutination test (Balanco et al. 1998 ).
Recovery of amastigote specific proteins
For proteins recovery, amastigotes (2 9 10 7 /ml) were washed thrice with cold PBS (0.02 M, pH 7.2) by centrifuging at 3000 rpm for 15 min at 4°C and lysed in lysis buffer containing 20 mM Tris-HCl (pH7.4), 40 mM NaCl, 10 mM EDTA, 2 mM PMSF(Sigma Chemicals, USA), 5 mM iodoacetamide (Sigma, USA), 10 lg/ml leupeptin (Sigma Chemicals, USA) and 0.4% SDS. Soluble proteins were prepared by sonication (12amp/10cycle/30 s) followed by centrifugation at 10,000 rpm for 20 min. Proteins were resolved on 10% SDS-PAGE and recovered in five protein fractions (Fa, Fb, Fc, Fd, Fe) of definite molecular weights as per standard protocol (Castellanos-Serra et al. 1997 ).
Isolation of macrophages, quantification of Slc11a1 expression and assessment of parasite burden
Peritoneal macrophages were isolated from female BALB/ c mice (average wt, 25 ± 5 g). Briefly, to activate resident peritoneal macrophages, mice were intra peritoneal injected with 1 ml of 2% starch solution. After 5 days, heparin containing 5 ml cold incomplete DMEM medium was injected in peritoneal cavity and macrophages were drained. Cells were washed twice with PBS by centrifugation at 200 rpm for 5 min and further cultured at 37°C in humidified condition with 5% CO 2 in a CO 2 incubator (Thermo Scientific, USA). For execution of experiments, macrophages were seeded at a density of 10 6 cells per ml in 24 well tissue culture plates. After 6 h of activation in presence of various protein fractions, macrophages were washed further incubated for 24 h to quantify Slc11a1 mRNA expression by real time PCR. Total RNA from macrophages was extracted by RNeasy Mini kit (Qiagen cat.74104) following manufacturer instructions. For cDNA preparation, 1 lg total RNA (kept equal in every experiment) was reverse transcribed using 20U MMLV reverse transcriptase (Fermantas, Germany) and 100 ng of random hexamers (Fermentas, Germany). The Slc11a1 expression levels were quantified on ABI 7500 Fast system in a 20 ll reaction mixture containing 10 pmol/ll of Slc11a1 specific primers (F-TGAGCAAAGCCATCACTTCG; R-ATAAG-CAGTCAGGCCCAAGT; product size 149), 10 ll of power SYBER green master mix (Applied Biosystem), 1 ll cDNA and MilliQ water. PCR conditions were set with an initial incubation of 50°C for 2 min, followed by denaturation at 95°C for 3 min, and 40 cycles at 95°C for 45 s, 60°C for 1 min. The abundance of Slc11a1 mRNA was normalized to geometric average of endogenous control (b-actin; F-ATGGTGGGAATGGGTCAGAA; R-TTGTAGAAGGTGTGGTGCCA) for DCt. The fold change (DCt) was calculated as the difference between experimental groups versus naïve non-infected macrophages. For assessment of parasite burden, proteins activated and non-activated macrophages were infected with L. donovoni promastigotes in parasite to cell ratio of 10:1 for 6 h and subsequently washed to remove non-ingested parasites and kept in CO 2 incubator for the desired duration. The parasite burden (intracellular amastigotes) was counted by Geimsa staining after 24 and48 h.
Measurement of superoxide anion (O 2
2* ), H 2 O 2 , NOx and cytokines levels
The superoxide anion content was estimated by the method described elsewhere (Chakraborty et al. 1996) and expressed nmoles of O 2 -liberated per mg of protein. The production of hydrogen peroxide was measured fluoremetrically according to the method described elsewhere (Singh et al. 2013) . The H 2 O 2 generated was estimated using standard curve precalibrated with known amount of H 2 O 2 and represented as nmoles per 10 6 cells. Total nitric oxide production was assayed in culture supernatant by Griess reagent as described elsewhere (Ghasemi et al. 2008 ). The extracellular cytokines levels for TNF-a, IL-12 and IFN-c were detected by ELISA MAX TM standard set enzyme-linked immunosorbent assay kit as per manufacture instructions (Biolegend, USA) in culture supernatants. The results were represented in pg of cytokines/ml. The O 2 -, H 2 O 2 were quantified 2 h post infection, NOx at 24 h and cytokines were estimated cultured supernatant 78 h post infection.
Measurement of labile iron pool (LIP) status
In cytosolic compartment of the cells, the labile iron pool (LIP) is redox-active chelatable iron that can be quantified by fluorescent iron probes (Cabantchik et al. 1996) . Calcein-AM (Sigma Chemicals, USA), a membrane permeable dye, is cleaved by non-specific esterases of macrophages into free florescent calcein and non-fluorescent acetomethoxy group in macrophage cytoplasm. Calcein immediately binds with chelatable iron ions that result in quenched florescence. Briefly, after 24 and 48 h incubation of infected and non-infected macrophages, hemin (Sigma Chemicals, USA) at a concentration of 500 lM was added to the culture medium and further incubated for 45 min. After washing with PBS, cells were suspended in 2 ml PBS in a polypropylene microfuge tube and incubated with calcein-AM (0.125 lM) for 20 min at RT. After incubation, cells were washed to remove extracellular calcein, resuspended in 2 ml PBS, and fluorescence was measured at excitation wavelength 488 nm and emission wavelength 517 nm. After 2 min interval, salicylaldehyde isonicotinoyl hydrazone (SIH) was added at a concentration of 200 lM. SIH is a strong iron chelator and has more affinity for iron than calcein. It chelates calcein bound iron and releases free calcein that dequench the florescence. After 5 min of SIH addition fluorescence was again measured. The difference in the fluorescent intensity between before and after addition of SIH was proportional to the amount of LIP. The LIP was expressed in terms of arbitrary units of fluorescent intensity DF (AU) = fluorescent intensity after SIH addition-florescent intensity before SIH addition).
Results
Amastigotes specific proteins significantly induced Slc11a1 mRNA expression
The silver staining of SDS-PAGE revealed the presence of several proteins ranging from 10 to 170 kDa in crude soluble extract of amastigotes is shown in Fig. 1a . On the basis of relative molecular weights, protein were divide in five fractions viz. Fa (170-73 kDa), Fb (72-43 kDa), Fc (42-27 kDa), Fd (26-18 kDa) and Fe (17-10 kDa) and purified after recovery. To identify their potential as Slc11a1 inducer, macrophages were activated (10 lg/ml) with these fractions and Slc11a1 mRNAs were quantified after 24 h post incubation. On comparison of five fractions, Slc11a1 expression was observed significantly (p \ 0.001) high in Fb activated cells and Fd fraction induced least expression (Fig. 1b) .
Induced SLC11A1 expression significantly inhibited parasites growth with increased LIP status in Fb proteins activated macrophages
To identify Slc11a1 role in Leishmania control, we selected fraction Fb and Fd as high and low inducers of Slc11a1 expression for a comparative analysis. After activation by protein fractions, macrophages were infected with L. donovani promastigotes and incubated for 24 and 48 h. The clearance of parasites in infected cells was found highly correlative to increased Slc11a1 expression. Fb fraction resulted in more significant inhibition of parasite survival in infected macrophages (FbAIM) at both, 24 and 48 h (p \ 0.01) post infection compared non-activated infected macrophages (NAIM). The parasite growth was not found inhibited in Fd induced macrophages (FdAIM) and was found comparable to NAIM at both time points (Fig. 2a) . This showed that increased Slc11a1 expression results in efficient killing of intracellular parasites. To confirm functioning of this pump, we assessed LIP status of parasite infected macrophages as it directly inform about increased iron in cell cytoplasm. The labile iron pool (LIP) is weakly bound redox-active chelatable iron in cytosolic compartment, which is tightly regulated but easily accessible for cellular metabolic activities. The LIP status was also found highly correlative to increased Slc11a1 expression as we observed a significant increase in cytoplasmic labile iron pool in Fb activated cells at both, 24 and 48 h post infection (p \ 0.01 vs. NAIM)whereas in FdAIM it was comparable to NAIM (Fig. 2b) . For a comparison and assure Slc11a1 expression in infected macrophages, we also quantified Slc11a1 expression in proteins activated and non-activated infected macrophages at 24 h post infection and it was observed maximum in FbAIM group (data not shown).
Slc11a1 functionality was correlated with increased production of NO and IL-12 in Fb proteins activated macrophages
We did not observe any significant difference in levels of super oxide anions and H 2 O 2 in proteins activated and nonactivated macrophages (Fig. 3) . However, the level of (Fa, Fb, Fc, Fd, Fe) , eluted and purified before use in macrophage activation. b the Slc11a1 mRNA expression levels in proteins activated non-infected macrophages. Macrophages were activated by fractions protein (10 lg/ml) for 6 h and after subsequent washing further incubated for 24 h in CO 2 incubator. All quantifications were normalized to bactin as a house keeping gene, and expression levels are represented in comparative fold change in proteins activated macrophages and non-activated control. A significant (p \ 0.001) increase in mRNA expression was observed in Fb activated macrophages whereas Fd induced least expression 
Discussion and conclusion
VL infections are endemic in various part of the world including Indian subcontinent where disease prevalence is very high. The global estimates indicate about 100,000 VL cases per year out of which 15,000 cases are being reported each year (WHO 2015) . In Indian subcontinent, India contributes more than 80% of reported cases followed by Bangladesh, Nepal, Thailand and Bhutan (WHO 2005) . The parasites have developed resistance against the only true antileishmanial pentavalent antimony compounds in disease endemic regions (Chakravarty and Sundar 2010) . Leishmanial infections are currently being treated by either amphotericin B or miltefosine , which are potentially toxic and produce serious side effects (Freitas-Junior et al. 2012) . Unfortunately, in recent years resistance is being reported in clinical settings against both drugs that strongly necessitates the search for alternate control strategies (Purkait et al. 2012) . It is also believed that these drugs do not produce sterile cure, which is a serious limitation because such cured patients act as a parasite carrier and may spread diseases in endemic regions (Prajapati et al. 2012) . Further, the parameters of protective immunity are not well defined or identified in VL pathogenesis, which is a major hurdle in development of vaccine. These lacunas necessitate identification of host/parasite factors not only to activate host immunity but also to directly target parasites. The findings of present study suggest that activation of Slc11a1 can be efficiently used to control survival and proliferation of Leishmania within infected host macrophages. Additionally, the induced Slc11a1 expression was also found highly correlated with generation of inflammatory response in infected macrophages further suggest Slc11a1 role in activation innate immunity.
Expression of Slc11a1 has been found very decisive for host resistance against invading pathogens as it creates cations deprived condition in phagolysosomes, which are required for survival of intracellular parasites (Huynh and Andrews 2008) . Inside the host macrophages, Leishmania essentially requires Fe 2? along with other divalent cations for its enzymatic machinery, which are involved in growth, survival and virulence. Studies have revealed that Leishmania acquires iron by depleting labile iron pool by modulating either transferring receptor expression for increased uptake of TfR bound iron and induced expression of LIT-1 iron transporter on its surface (Das et al. 2009 ). However, the mammalian defense system has also evolved several ways to deprive microorganisms for these vital elements in order to curb parasitic growth. As a cationic transporter, Slc11a1 pumps out iron from phagolysosomal milieu to cytosolic compartment of macrophages as a host natural strategy to kill intracellular parasites (Jabado et al. 2000) . In Fb activated macrophages, parasite growth was significantly inhibited that was found linked with LIP status in macrophages cytoplasm. This finding suggested the increased functionality of Slc11a1 ensures low availability of iron in phagolysosomes by pumping them out in cell cytoplasm. In addition, the levels of NO and inflammatory cytokines were also found significantly higher in Fb protein activated macrophages, which further supported the fact that increases Slc11a1 functionality helps macrophages to sustain its effector properties. Slc11a1 expression has also been shown to promote Fpn1 expression, an exclusive iron exporter of macrophages, to maintain optimal level of iron in cell cytoplasm that further ensure minimum availability of iron to intracellular parasites (Soe-Lin et al. 2008) . Therefore, these findings provide strong evidence on the role of this pump in Leishmania killing. Other studies have also provided an efficient role of this pump to control pathogens growth and survival. In Salmonella species, activated Slc11a1 expression by lipocalin-2 has shown to control their growth through impaired iron acquisition and induction of macrophage effector function (Nairz et al. 2009 , Fritsche et al. 2012 .
Innate immune response also play very important role in early parasite elimination and help in development of long lasting protective immunity for disease resistance (Gupta et al. 2013) . The survival of parasites within infected macrophages is determined by the magnitude of its activation by host and parasitic factors. The parasite evades killing by activated macrophages and guide them to produce more immune inhibitory cytokines such as IL-10 and TGF-b for survival and proliferation (Kane and Mosser 2001) . In VL, generation of inflammatory IL-12 by macrophages protects host through development of protective Th1 type immune response (Liu and Uzonna 2012, Gupta et al. 2013) . Further, early clearance of Leishmania by host phagocytic cells also produce long lasting protective immunity that further suggest importance of efficient macrophage function in VL control (Selvapandiyan et al. 2009 ). Since Slc11a1 overexpression was found correlated to induced production of IL-12 in Fb proteins activated macrophages, it may be hypothesized that Slc11a1 functionality is required to activate infected macrophages. Studies have shown that Slc11a1 also regulates macrophages redox status via induction of inflammatory cytokines and NO levels via induced iNOS expression along with suppressed IL-10 production (Fritsche et al. 2008 , Singh et al. 2013 . We also observed comparatively more NO and IL-12 levels in Fb activated cells, which can be an additional factor for reduced parasitic survivals since NO is a major effectors molecule for anti-leishmanial activity (Dempsey 2013) . Moreover, in VL infected individuals the disease resistance is conferred by induction of Th1 type immune response, which suggests the potential of amastigote specific proteins to elicit protective immune response (Nylen and Gautam 2010) . The identified Fb fraction proteins also suggest such possibility but require further elucidation and identification of antigenic fractions. In nutshell, this study provides a ground that Slc11a1 inducing leishmanial proteins can augment protective innate immune response, which can also be exploited to find a vaccine candidate. Although, the stimulation of macrophages with identified leishmanial proteins significantly restricted growth and survival of intracellular amastigotes but it requires more studies to identify the candidate protein/s and delineation of Slc11a1 associated mechanisms in control of Leishmania donovani infection.
